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I nd i ana  Un ive r s i t y  Cyclo t ron  F a c i l i t y ,  Bloomington, I nd i ana  47405 
non-equi l ibr ium sou rce s  f o r  IMF product ion  i n  t h e  
r e a c t i o n  of 198.6 MeV 3 ~ e  i ons  w i th  n a t ~ g .  The 
experiment was performed a t  t h e  Indiana  Un ive r s i t y  
Cyclo t ron  F a c i l i t y  w i th  a  50-100 nA 3 ~ e  beam i n c i d e n t  
upon a  f r e sh ly -p r epa red  s e l f - suppo r t i ng  t a r g e t  of 
-3.0 -2.0 -1.0 0 1.0 2.0 3.0 4.0 
We r e p o r t  r e cen t  measurements which a r e  c o n s i s t e n t  
w i th  t h e  co-exis tence  of both f u l l y  e q u i l i b r a t e d  and 
30 
1.99 mg/cm2 n a t ~ g .  Blank runs i n d i c a t e d  no IMF 
background due t o  any beam ha lo  s t r i k i n g  t h e  t a r g e t  
frame. Intermediate-mass-fragment charges  were 
i d e n t i f i e d  i n  a  t e l e s c o p e  c o n s i s t i n g  of a  
ga s - i on i za t i on  AE d e t e c t o r  ope ra t ed  a t  8  Torr  of 
i sobu t ane  and a  s i l i c o n  E d e t e c t o r  of t h i cknes s  170 p. 
The high-energy t a i l s  of some L i  - B s p e c t r a  were 
a f f e c t e d  by punch-through i n  t h e  E d e t e c t o r .  
Co r r ec t i ons  f o r  t a r g e t  and ion-chamber window 
th i cknes se s  were a p p l i e d  t o  t h e  energy s p e c t r a .  
The center-of-mass angu l a r  d i s t r i b u t i o n s  observed 
i n  t h i s  experiment e x h i b i t  s i g n i f i c a n t  forward-peaking,  
w i th  a n i s o t r o p i e s  dec r ea s ing  from a ( 1 0 ° ) / a ( 9 0 0 )  = 10 
f o r  Z = 5 down t o  = 4 f o r  Z = 11 fragments.  On t h e  
o t h e r  hand, t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  beyond 
O cm " 90 deg f o r  a l l  2-values a r e  e s s e n t i a l l y  
i s o t r o p i c ,  i n d i c a t i v e  of e q u i l i b r i u m  emiss ion  from a  
sou rce  w i th  r e l a t i v e l y  low angu l a r  momentum. F igu re  1 
shows a  r a p i d i t y  p l o t  f o r  carbon f ragments  which is 
t y p i c a l  of t h e  r e s u l t s  f o r  a l l  IMF products .  The 
i n v a r i a n t  c r o s s  s e c t i o n s  a t  l a r g e  a n g l e s  (> 80 deg ree s )  
f a l l  on cons t an t  contour  l o c i  ( s e m i - c i r c l e s )  expec ted  
f o r  i s o t r o p i c  emiss ion  from a  source  moving wi th  an  
average  v e l o c i t y  f3 = 0.0103 (t .0010),  nea r l y  equa l  t o  
t h a t  of t h e  compound nucleus  (PCN = 0.0104). I n  
c o n t r a s t  , t h e  f  orward-angle d a t a  a r e  skewed t o  much 
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Figu re  1. P l o t  of t h e  i n v a r i a n t  c ro s s - s ec t i on  
f o r  carbon f ragments  i n  t h e  (v  vl)  p lane .  
The d iameter  of t he  do t s  i s  p r o p o r t i o n a l  t o  
t h e  c r o s s  s e c t i o n s ,  wi th  ad j acen t  d o t s  
d i f f e r i n g  by a  f a c t o r  of "2; t h e  
symbol @ i n d i c a t e s  t h e  p o s i t i o n  of t h e  maxima 
i n  t h e  forward ang l e  s p e c t r a ,  which a r e  h i g h e r  
i n  magnitude t han  a t  l a r g e r  ang l e s ;  t h e  two 
s e m i c i r c l e s  a r e  c en t e r ed  about  VCN,  which 
cor responds  t o  t h e  compound nuc l eus  v e l o c i t y .  
l a r g e r  v e l o c i t i e s ,  i n d i c a t i n g  emiss ion  from a  f a s t e r  
moving source .  
I n  F ig .  2  we show fragment energy s p e c t r a  a s  a  
f u n c t i o n  of l abo ra to ry  ang l e  f o r  Z = 6 f ragments ,  
c h a r a c t e r i s t i c  of a l l  t h e  Z > 4 da t a .  At forward  
a n g l e s  one observes  a  Maxwell-Boltzmann-like energy 
d i s t r i b u t i o n  wi th  a  pronounced high-energy t a i l  t h a t  
s y s t e m a t i c a l l y  i n c r e a s e s  i n  s l o p e  a s  a  f u n c t i o n  of 
i n c r e a s i n g  ang l e .  1-4 At l a r g e r  ang l e s  t h e  s p e c t r a  
evolve  toward more Gaussian shapes ,  a s  is shown i n  F ig .  
3 ,  where s p e c t r a  f o r  Z = 5-10 f ragments  d e t e c t e d  a t  an  
a n g l e  of 117 degrees  a r e  p r e sen t ed .  The most p robab l e  
center-of-mass k i n e t i c  e n e r g i e s  a s s o c i a t e d  w i th  a l l  
backward-angle s p e c t r a  (0)  100 deg) a r e  c o n s i s t e n t  w i th  
two-body decay from a  composite system. For low Z 
f ragments  t h e s e  va lue s  cor respond t o  t angen t  sphe re  
a c c e l e r a t i o n  wi th  two-body k inema t i c s ,  where t h e  
Coulomb r a d i u s  Rc=l .225 (A11/3 + A2l l3 )  + 2.0 fm. For 
Z ) 10,  they  more c l o s e l y  approximate f i s s i o n  fragment 
k i n e t i c  energy sy s t ema t i c s .  
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Figu re  2. Energy s p e c t r a  of carbon f ragments  a s  a 
f u n c t i o n  of angle .  Data a t  10 deg a r e  m u l t i p l i e d  by 
10. S o l i d  l i n e  i s  t h e  f i t  of eq. ( 1 ) ;  dashed l i n e  
r e p r e s e n t s  ONE ( E )  and d o t t e d  l i n e  OEQ (E).  Data 
beyond 106 MeV a r e  cu t  out  due t o  p a r t i c l e s  punching 
through t h e  d e t e c t o r .  
On t h e  b a s i s  of t he  angu l a r  d i s t r i b u t i o n s ,  
r a p i d i t y  ana ly se s  and k i n e t i c  energy s p e c t r a ,  we adopt 
a two-source model f o r  t h e  i n t e r p r e t a t i o n  of t h e s e  
da t a .  One component assumes s t a t i s t i c a l  emiss ion  of 
IME's from a f u l l y  e q u i l i b r a t e d  compound nucleus  whereas 
t h e  second i s  approximated by a fast-moving,  thermal  
s o ~ r c e . ~ , ~ , ~  The da t a  a r e  f i t t e d  w i th  a f u n c t i o n a l  
form: 
where f3i i s  t h e  sou rce  v e l o c i t y ,  Ti i s  a  tempera ture  
parameter ,  p, i s  a Z-dependent a m p l i f i c a t i o n  parameter6  
and ki is  t h e  f r a c t i o n a l  Coulomb b a r r i e r .  The t o t a l  
c ro s s - s ec t i ons  f o r  t h e  e q u i l i b r i u m  and non-equil ibrium 
components f o r  a fragment Z a r e  g iven  by ~ E Q  and a m ,  
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Figu re  3. Labora tory  energy s p e c t r a  of IMF's w i th  
5 < Z < 10 a t  117 degrees .  S o l i d  l i n e  r e p r e s e n t s  t he  
f i t  of eq. ( 1 )  t o  da t a .  
r e s p e c t i v e l y .  The f u n c t i o n s  f l  and f 2  c o n t a i n  
a p p r o p r i a t e  k inema t i c  t r an s fo rma t ions  from t h e  moving 
frame t o  t h e  l a b o r a t o r y  system and a l low f o r  r e c o i l  
c o r r e c t i o n s .  
The e q u i l i b r i u m  component is de sc r i bed  by t h e  
t r a n s i t i o n - s t a t e  formal i sm of ~ o r e t t o . ~  Based on t h e  
r a p i d i t y  p l o t s ,  a  sou rce  v e l o c i t y  f31 = PCN i s  chosen. 
Correspondingly ,  we assume t h e  tempera ture  of t h e  
compound nucleus ,  T1 = TcN = 3.7 MeV, assuming a = A18 
M ~ v - ~ .  (A f r e e  parameter  s ea r ch  y i e l d s  81 and TI 
w i t h i n  7% of t h e s e  va lue s . )  The remaining parameters  
a r e  t hen  determined by t h e  s ea r ch  rou t i ne .  Th i s  
p a r a m e t r i z a t i o n  a lone  provides  a good f i t  t o  fragment 
energy  s p e c t r a  f o r  4 < Z < 12 a t  BLAB 2 100' f o r  l i g h t  
fragments and B L ~ B  2 80' f o r  Z 2 8. The r e s u l t s  ag r ee  
w e l l  w i th  t h e  p r e d i c t e d  [6]  e v o l u t i o n  i n  s p e c t r a l  
shapes  from Maxwellian f o r  low-Z IMFs toward Gaussian 
f o r  t h e  h e a v i e r  f ragments  a s  shown i n  F ig .  3. 
Whereas t h e  backward-angle d a t a  can be de sc r i bed  
w e l l  i n  terms of emiss ion  from a f u l l y  e q u i l i b r a t e d  
compound nuc l eus ,  t h e  forward-angle s p e c t r a  appear  t o  
be i n c r e a s i n g l y  dominated by more d i r e c t  processes .  
This  is shown i n  F ig .  2 f o r  Z = 6 f ragments  a t  10 
deg ree s ,  where t h e  e q u i l i b r i u m  component c a l c u l a t e d  f o r  
t h i s  ang l e  is shown by t h e  d o t t e d  l i n e .  Cons i s t en t  
w i th  p r ev ious  ana ly se s  of IMF ~ ~ e c t r a l , ~ , ~ ,  we have 
a t t emp ted  t o  f i t  :he non-equil ibrium component (dashed 
l i n e )  w i th  a Maxwell-Boltzmann source  p a r a m e t r i z a t i o n  
wi th  s u r f a c e  emiss ion ,  f 2  ~ ' e - ~ ' / ~ ,  where E' i s  t h e  
fragment k i n e t i c  energy i n  t h e  moving frame.5 Good 
f i t s  were ob t a ined  over  t h e  f u l l  angu l a r  range (F ig .  2)  
f o r  Z = 5 t o  10 f ragments .  The parameters  of t h e  
non-equil ibrium component were nea r l y  Z-independent 
wi th  82 = 5pCN, T2 = 8 MeV and k2 = 0.25, i f  a  gaus s i an  
Coulomb b a r r i e r  d i s t r i b u t i o n  is a ~ s u m e d . ~  
The i s o t o p i c  c ro s s - s ec t i ons  a s s o c i a t e d  wi th  
e x h i b i t  a  z - ~ . ~  depegdence. This  is much s t r o n g e r  t han  
t h e  z - ~ * ~  dependence de r i ved  from t h e  t o t a l  y i e l d s  and 
observed  i n  high-energy s t u d i e s .  l p 2  Th i s  a n a l y s i s  
s t r e s s e s  t h e  importance of removing t h e  g l o b a l  
e q u i l i b r i u m  component of t h e  IMF s p e c t r a  p r i o r  t o  
comparing d a t a  wi th  pu re ly  non-equi l i  brium models. 
Because of t h e  broad continuum of d e p o s i t i o n  e n e r g i e s  
which accompany r e a c t i o n s  above E/A % 30 MeV, 
e q u i l i b r i u m  emiss ion  p rov ide s  an  unde r ly ing  background 
which modif ies  IMF s p e c t r a  a t  i n t e r m e d i a t e  e n e r g i e s .  
Hence, i n  o rde r  t o  unders tand  t h e  mechanisms of IMF 
emiss ion ,  e x c l u s i v e  measurements must be performed 
which c h a r a c t e r i z e  t h e  e m i t t i n g  source .  
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